Introduction
============

Nanostructured lipid carriers (NLCs) are regarded as an alternative to liposomes and nanoemulsions, due to various advantages, such as ease of manufacture, particulate nature, high drug loading, and sustained drug release.[@b1-ijn-7-3023] Their biocompatibility, modified release kinetics, easy large-scale production, and limited drug leakage during storage indicate that they are suitable for topical drug delivery.[@b2-ijn-7-3023],[@b3-ijn-7-3023] Topical delivery offers several advantages over the oral and intravenous dosage routes, such as prevention of first-pass metabolism, minimization of pain, and possible controlled release of drugs.[@b4-ijn-7-3023],[@b5-ijn-7-3023]

Tripterine, a bioactive compound identified in the traditional Chinese medicinal plant *Tripterygium wilfordii* Hoog f. almost three decades ago, is generally used for the treatment of inflammatory and autoimmune diseases.[@b6-ijn-7-3023] It has attracted great interest recently because of its potential antiinflammatory and anticancer activities, as well as its therapeutic applicability for skin diseases.[@b7-ijn-7-3023]--[@b9-ijn-7-3023] However, tripterine has low bioavailability, due to its negligible water solubility. It also causes many severe adverse effects when administered orally, such as diarrhea, headache, nausea, and infertility.[@b10-ijn-7-3023]

To overcome these disadvantages, in a previous study, we prepared tripterine-loaded NLCs, and we found that they enhance the deposition and in vitro skin permeation of tripterine.[@b11-ijn-7-3023] However, many researchers have indicated that the surface charge of nanoparticles influences percutaneous drug penetration.[@b12-ijn-7-3023] For example, Song and Kim[@b13-ijn-7-3023] showed that the in vitro skin permeation of low-molecular-weight heparin and its in vivo penetration into the deeper skin layers are significantly better from cationic flexible liposomes than from anionic and neutral flexible liposomes.

Therefore, we aimed to evaluate the influence of the surface charge of NLCs on in vitro skin permeation and in vivo pharmacodynamics of tripterine, as well as to optimize tripterine-loaded NLCs for the treatment of skin diseases. We selected different solid and liquid matrices to prepare cationic, anionic, and neutral NLCs. The in vitro skin permeation, in vitro cytotoxicity, and in vivo pharmacodynamics were investigated by using Franz diffusion cells, B16BL6 cells, and melanoma-bearing C57BL/6 mice, respectively. The results indicate that these surface-charged NLCs have good encapsulation efficiency and favorable physicochemical characteristics. These formulations, especially cationic ones, considerably increase the deposition and antimelanoma efficacy of tripterine. Herein, we show that cationic NLCs are promising carriers of tripterine for topical antimelanoma therapy.

Materials and methods
=====================

Materials
---------

Tripterine (\>99.9% purity) was provided by Nanjing Zelang Medical Technology Co, Ltd (Nanjing, Jiangsu, China). Glyceryl behenate, isopropyl myristate (IPM), Pluronic F68, acetone, and ethanol were obtained from Shanghai Chemical Reagent Corp (Shanghai, China). Precirol ATO-5, medium-chain triglycerides (MCTs), and stearylamine were purchased from Gattefossé (Saint-Priest, Lyon, France). Soybean lecithin was supplied by Shanghai Advanced Vehicle Technology Co (Shanghai, China). [d]{.smallcaps}-α-Tocopherol polyethylene glycol succinate was purchased from Sigma-Aldrich Shanghai Trading Co, Ltd (Shanghai, China). All reagents were of analytical or high-performance liquid chromatography (HPLC) grade. Double-distilled water was prepared in our laboratory.

Animals and cell lines
----------------------

Male Sprague--Dawley rats (200--230 g) and male C57BL/6 mice (18--20 g) were obtained from the Shanghai Laboratory Animal Center (Shanghai, China). The animal experiment protocol was reviewed and approved by the Institutional Animal Care and Use Committee of Jiangsu Provincial Academy of Chinese Medicine (SCXK 2012-0005).

HaCaT (normal human skin) cells and B16BL6 (melanoma) cells were purchased from Nanjing KeyGen Biotech Co, Ltd (Nanjing, China).

Preparation of NLCs
-------------------

Blank NLCs were prepared by the solvent evaporation method. The proportion of solid and liquid matrices was set to 3:1 wt%. Soybean lecithin and [d]{.smallcaps}-α-tocopherol polyethylene glycol succinate were used as emulsifiers. Each formulation was dissolved in a mixture of acetone and ethanol and added to an aqueous surfactant solution containing Pluronic F68 (1.0 wt%) at 65°C, under gentle magnetic stirring, at 400 rpm for 4 hours. An external water bath (0°C--2°C) was used to maintain the sample temperature for 2 hours to stabilize the NLCs. The total volume of the final product was 25 mL. The resultant NLC dispersions were used for the subsequent studies. NLCs containing 15 mg tripterine were similarly prepared to obtain tripterine-loaded NLCs.

In preliminary experiments, stearylamine, glyceryl behenate, and Precirol ATO-5 were chosen as the solid matrix for cationic, neutral, and anionic NLCs, respectively. MCT was chosen as the liquid matrix for neutral NLCs, and IPM was chosen as the liquid matrix for cationic and anionic NLCs. The composition of the surface-charged NLC dispersions is presented in [Table 1](#t1-ijn-7-3023){ref-type="table"}.

Photon correlation spectroscopy
-------------------------------

The particle size and polydispersity index (PI) of the NLC formulations were measured by photon correlation spectroscopy (Zetasizer Nano ZS ZEN3600; Malvern Instruments Ltd, Worcestershire, UK) at 25°C, under a fixed angle of 90°, in polystyrene cuvettes. The measurements were obtained by using a 633 nm He--Ne laser.

The zeta potential was measured in folded capillary cells by using the Zetasizer. NLC samples were prepared by dilution with double-distilled water. The conductivity of each sample was adjusted to 50 S/cm, by using 0.1 mmol/L sodium chloride solution. The zeta potential values were calculated by using the Smoluchowski equation.[@b14-ijn-7-3023]

Entrapment efficiency
---------------------

Ultrafiltration was used to assay entrapment efficiency (EE). In brief, approximately 0.5 mL of NLC dispersion was placed in the upper chamber of a centrifuge tube matched with an ultrafilter (MWCO12 kDa; Pall Corp, Port Washington, NY). The filter assembly was then centrifuged at 5000 rpm (\~3000 *g*) for 15 minutes. Surface-charged NLCs, along with encapsulated tripterine, remained in the upper chamber, whereas the aqueous dispersion medium containing free unloaded tripterine was moved to the sample recovery chamber through the filter membrane. After separation, the amount of free tripterine in methanol (W~free~) was determined by HPLC. Further, an equal volume of tripterine-loaded NLC dispersion was dissolved and diluted with methanol. Then, the total tripterine content in the resultant solution (W~total~) was determined by HPLC. Finally, the EE was calculated, using the following equation:[@b15-ijn-7-3023]
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The HPLC system (Agilent Technologies, Santa Clara, CA) included a binary pump, an autosampler, and a photodiode array detector. An Agilent HC-C18 column (150 × 4.6 mm inner diameter, 5 μm particle size) was used as the stationary phase. The mobile phase was an acetonitrile--0.4% phosphoric acid (80:20, v/v) mixture at a flow rate of 1 mL/minute, and the injection volume was 20 μL. The detection wavelength was 425 nm (for tripterine). Quantification was based on the peak area A. Linearity was observed over the concentration range of 10--8000 ng/mL, with correlation coefficients of over 0.99 (a typical calibration curve: A = 45.299C + 15.533, *r* = 0.9999, n = 3). Accuracy for the determination of tripterine (n = 6) was 99.93% ± 1.44%. Intra- and interday precisions were below 2%, and the extraction recovery of tripterine in NLC (n = 9) was 99.52% ± 0.81%.

Transmission electron microscopy
--------------------------------

The morphology and lamellarity of the NLCs were examined by transmission electron microscopy (TEM) (Tecnai 12; Royal Philips Electronics, Amsterdam, Netherlands) with the negative stain method. NLC samples were first diluted with double distilled water. A drop of each sample was applied to a copper grid coated with carbon film and air-dried; then, 2% (w/v) phosphotungstic acid (PTA) solution was dropped onto the grids. After negative staining and air-drying at room temperature, the resultant samples were used for visualization under TEM.

Differential scanning calorimetry (DSC)
---------------------------------------

The broad water peak (\~100°C) in DSC may largely influence the judgment of thermograms of lipid nanoparticles. To avoid this interference, NLC samples were freeze-dried before the measurements.[@b16-ijn-7-3023] About 10 mg of each sample were analyzed in a DSC 204 system (Netzsch, Selb, Germany), and an empty pan was used as the reference. A scan rate of 10°C/minute was employed, in a temperature range of 25°C--300°C. The measurements of each formulation were repeated three times.

Tripterine release kinetics
---------------------------

Release of tripterine from the NLCs was measured by using Franz diffusion cells. Dialysis tubing (molecular weight cutoff of 8,000 to 14,000) was mounted between the donor and the receptor compartments. The donor medium consisted of 2 mL of vehicle containing different surface-charged NLCs, and the receptor medium comprised a 2:8 ratio of ethanol and phosphate-buffered saline (PBS; pH 7.4), to maintain the sink conditions. The stirring rate and temperature were 400 rpm and 37°C, respectively. At various intervals (1, 2, 4, 8, 10, 12, 18, 24, 36, and 48 hours), 1.0 mL aliquots of the receptor medium were removed and immediately replaced with the same volumes of fresh medium. The percentage of tripterine released in the aliquots was calculated with the following equation:
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Skin permeation experiment
--------------------------

The skin permeation of tripterine from the surface-charged NLCs was measured by using a Franz diffusion assembly. The full-thickness abdominal skin of young male Sprague--Dawley rats was mounted between the donor and receptor compartments. The exposed skin surface area was 2.00 cm^2^, and the receptor compartment volume was 20 mL. The donor medium consisted of 1 mL of tripterine-containing vehicle, and the receptor medium was a 3:7 ratio of ethanol and PBS (pH 7.4), to maintain the sink conditions. The stirring rate and temperature were 600 rpm and 37°C, respectively. At appropriate intervals (1, 2, 4, 6, 8, 10, and 12 hours), 1 mL aliquots of the receptor medium were withdrawn and immediately replaced with equal volumes of fresh medium. After the experiment, the skin was frozen at −20°C on a metal sample holder and sectioned with a cryotome (620 Electronic; Thermo- Shandon, Pittsburgh, PA) in layers of 0--30, 30--60, and 60--90 μm thickness. The amount of tripterine in each layer was determined by HPLC. The cumulative amount of tripterine permeating through the skin was plotted as a function of time. Data analyses of cumulative amounts of tripterine permeated over time were used to calculate the transdermal drug flux, which was obtained from the slope of the regression line, fitted to the linear portion of the profile. The skin flux can be experimentally determined from the following equation:

J

=

(

dQ

/

dt

)

/

A

where J is the steady-state flux (μg/(cm^2^ · h)), A is the diffusion area of skin tissue (cm^2^) through which drug permeation takes place, and dQ/dt is the amount of drug passing through the skin per unit time at a steady-state (μg/h). The intercept of the extrapolated linear region with the x-axis provided the lag time. The following equation was used to calculate the permeability coefficient (Kp):
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where Kp has the units of cm/h, and Co represents the drug concentration.

MTT assay
---------

For cytotoxicity analysis, B16BL6 cells were seeded at 9 × 10^3^ cells/well in 96-well plates and incubated at 37°C and 5% CO~2~ for 24 hours. After overnight incubation, the cells were divided into four treatment groups: (i) tripterine solution group; (ii) cationic NLC group; (iii) neutral NLC group; and (iv) anionic NLC group. They were treated with various concentrations (2--10 μg/mL; 0 μg/mL was the negative control) of tripterine and tripterine-loaded NLCs for 36 hours. Then, 10 μL of 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide (MTT; 5 mg/mL) was added to each well and incubated for 4 hours at 37°C. After the supernatant was discarded, 100 μL dimethyl sulfoxide was added to each well. The absorbance value at 550 nm was determined by using a microplate reader (Thermo Fisher Scientific, Waltham, MA). Any interference of the absorbance readings by particle fluorescence was monitored and accounted for.

Evaluation of cellular uptake
-----------------------------

Cellular uptake of nanoparticles, including NLCs, by various cell types has been described in the literature already and could be clinically relevant when applied to the skin. To determine cellular uptake of tripterine, 12 mL of each NLC formulation (5 μg/mL) was added to HaCaT and B16BL6 cells. After incubation for up to 4 hours, the cells were washed three times with PBS (pH 7.2) and lysed in an ultrasonic cell pulverizer (JY92-IIN; Xinzhi Co, China). The amount of tripterine in the cell lysate (W~in~) was quantified by HPLC, and the percentage of cellular uptake was calculated with the following equation:

Cellular uptake 

(

\%

)

=

W

in

W

total

×

100

Pharmacodynamic evaluation
--------------------------

B16BL6 cells were maintained in Roswell Park Memorial Institute 1640 medium, supplemented with 10% fetal bovine serum and antibiotics. They were then trypsinized, resuspended in PBS (2 × 10^7^ cells/mL), and subcutaneously injected into the nota of male C57BL/6 mice. The mice were randomly divided into various groups (n = 10/group) according to the treatment: control, tripterine solution, cationic NLCs, neutral NLCs, and anionic NLCs. These treatments were administered by percutaneous penetration daily. In the tripterine-based treatments, 6 mg/kg of tripterine in 1% carbomer gel was used. As the positive control, cyclophosphamide (CTX, 20 mg/kg) was administered daily by intraperitoneal injection. After 16 consecutive days, the tumors were excised and weighed.[@b17-ijn-7-3023]

Statistical analysis
--------------------

Data are expressed as means ± standard deviation (SD). One-way analysis of variance (ANOVA) in IBM SPSS 11.5 software (IBM, Armonk, NY) was used for multiple comparisons, and unpaired Student's *t*-test in Microsoft Excel was used to compare two groups. The level of significance was set at *P* \< 0.05.

Results
=======

Particle size, PI, zeta potential, and EE
-----------------------------------------

[Table 2](#t2-ijn-7-3023){ref-type="table"} shows the results obtained by photon correlation spectroscopy and ultrafiltration. The particle size of the surface-charged NLCs ranged from 84.5 ± 10.2 to 90.2 ± 9.7 nm, without significant differences among these formulations. Their PIs ranged from 0.109 ± 0.018 to 0.116 ± 0.024. The zeta potential values of the cationic and anionic NLCs were 26.4 ± 4.2 and −24.3 ± 3.7 mV, respectively. The neutral NLCs had a small negative surface charge (−2.7 ± 0.9 mV).

As shown in [Table 2](#t2-ijn-7-3023){ref-type="table"}, the EE values of the formulations ranged from 67.8% ± 4.4% to 72.5% ± 4.9%.

Morphology and lamellarity
--------------------------

The TEM results are shown in [Figure 1](#f1-ijn-7-3023){ref-type="fig"}. The particles had a spherical shape, with a smooth surface. The different NLCs showed no marked structural differences.

Melting behavior and crystallinity
----------------------------------

DSC is used to characterize the melting and crystallization behaviors of crystalline materials, such as lipid nanoparticles. [@b18-ijn-7-3023],[@b19-ijn-7-3023] In the case of NLCs, DSC can clarify their structure through the mixing behavior of solid lipids with liquid lipids. [Figure 2](#f2-ijn-7-3023){ref-type="fig"} shows the DSC curves of the surface-charged NLCs. Tripterine alone exhibited melting peaks at around 175.7°C and 211.4°C. Furthermore, the physical mixture with tripterine showed a melting point at 211.4°C. In the DSC curves of physical mixtures I and physical mixtures II regarding cationic NLCs, the peak of lipid material was transferred from 68.3°C to 78.2°C, and from 89.4°C to 81.5°C. The same phenomenon was observed with the neutral and anionic NLCs, which were produced in the initial equilibrium process, because of the slightly different temperatures between the sample and the reference pans. Comparing [Figure 2A--C](#f2-ijn-7-3023){ref-type="fig"}, the same state of tripterine in the different surface charged NLCs can be seen. Tripterine was in the amorphous state in the surface-charged NLCs, as reported previously by Gonzalez-Mira.[@b20-ijn-7-3023]

Tripterine release
------------------

The percentage of tripterine released from each NLC formulation was plotted as a function of time ([Figure 3](#f3-ijn-7-3023){ref-type="fig"}). In the initial 18 hours, the cationic, neutral, and anionic NLCs released 36.70%, 39.09%, and 31.94% of tripterine, respectively, without significant differences among the NLCs. After 24 hours, the release was 64.77%, 75.69%, and 49.70%, respectively; at the end of 48 hours, the percentage of released tripterine reached 83.14%, 95.15%, and 68.01%, respectively.

The release profiles of tripterine from the NLCs were fitted into zero-order, first-order, Higuchi, and Ritger and Peppas kinetic models ([Table 3](#t3-ijn-7-3023){ref-type="table"}).[@b21-ijn-7-3023] The first-order kinetic model was chosen to describe the release profiles because of good correlation. The *r*^2^ values for the cationic, neutral, and anionic NLCs were 0.9559, 0.9521, and 0.9614, respectively.

Skin permeation
---------------

[Figure 4](#f4-ijn-7-3023){ref-type="fig"} and [Table 4](#t4-ijn-7-3023){ref-type="table"} illustrate the in vitro skin permeation of tripterine from the different formulations. The cumulative penetration of tripterine was significantly different (*P* \< 0.05) among the cationic, neutral, and anionic NLCs (16.3 ± 0.81, 13.5 ± 0.79, and 11.9 ± 0.85 μg/cm^2^, respectively; [Figure 4A](#f4-ijn-7-3023){ref-type="fig"}). The flux of the cationic, neutral, and anionic NLCs was 1.26 ± 0.29, 1.10 ± 0.25, 0.91 ± 0.04 μg/(cm^2^ · h), respectively ([Figure 4A](#f4-ijn-7-3023){ref-type="fig"} and [Table 4](#t4-ijn-7-3023){ref-type="table"}). Cationic NLCs increased the tripterine permeability coefficient 1.15- and 1.38-fold compared to that of neutral and anionic NLCs, respectively ([Figure 4A](#f4-ijn-7-3023){ref-type="fig"} and [Table 4](#t4-ijn-7-3023){ref-type="table"}). The skin deposition of tripterine decreased in the following order: 0--30 μm \> 30--60 μm \> 60--90 μm ([Figure 4B](#f4-ijn-7-3023){ref-type="fig"}). The cationic NLCs delivered 10.6 μg/cm^2^ of tripterine into the skin, which was 1.35- and 1.95-fold higher (*P* \< 0.05) than the amounts provided by the neutral and anionic NLCs, respectively.

Cytotoxicity
------------

The inhibition ratio and half-maximal inhibitory concentration (IC~50~) of the surface-charged NLCs in B16BL6 cells are shown in [Table 5](#t5-ijn-7-3023){ref-type="table"}. At the same concentrations, the cationic NLCs had higher cell inhibition ratios than the neutral and anionic NLCs. Further, the cationic NLCs had a better IC~50~ value.

Cellular uptake
---------------

The uptake of tripterine from the surface-charged NLCs by HaCaT and B16BL6 cells is shown in [Figure 5](#f5-ijn-7-3023){ref-type="fig"}. After 1, 2, 3, and 4 hours of incubation, 20.1%, 27.6%, 36.4%, and 44.6% of tripterine, respectively, from the cationic NLCs were measured in HaCaT cells. At the same time points, 16.8%, 22.5%, 30.6%, and 37.8%, respectively, of tripterine from the neutral NLCs and 13.4%, 21.3%, 29.5%, and 35.1% of tripterine, respectively, from the anionic NLCs were measured ([Figure 5A](#f5-ijn-7-3023){ref-type="fig"}).

Similar results were obtained in B16BL6 cells. The cellular uptake of tripterine decreased in the following order: cationic NLCs \> neutral NLCs \> anionic NLCs. As shown in [Figure 5C](#f5-ijn-7-3023){ref-type="fig"}, after different incubation times, the uptake of tripterine from the cationic NLCs was higher in B16BL6 cells than in HaCaT cells.

Effects on tumor growth
-----------------------

As shown in [Figure 6A](#f6-ijn-7-3023){ref-type="fig"}, the tumor volume in the tripterine, tripterine-loaded NLC, and CTX groups was visibly smaller than in the control group. The order of tumor weight was control group \> tripterine group \> cationic NLC group \> neutral NLC group \> anionic NLC group \> CTX group ([Figure 6B](#f6-ijn-7-3023){ref-type="fig"}). The tumor inhibition rate of the cationic NLCs was 50.58%, whereas those of the neutral NLCs, anionic NLCs, and tripterine were 43.02%, 38.95%, and 29.65%, respectively, on the 16th day ([Figure 6C](#f6-ijn-7-3023){ref-type="fig"}).

Discussion
==========

In this study, we investigated the influence of the surface charge of tripterine-loaded NLCs on the in vitro skin permeation and in vivo pharmacodynamics of the drug. We found that the surface charge greatly affects these properties. Specifically, higher tripterine deposition and antimelanoma efficacy were achieved with cationic NLCs.

Particle size, PI, and zeta potential are important properties associated with the stability and acceptability of a topical drug delivery system. The surface-charged NLCs had a mean particle size smaller than 100 nm. Small particle size is a highly desirable property of NLCs, because the penetration of encapsulated drugs into deeper skin layers increases with decrease in particle size.[@b15-ijn-7-3023] The PI of the NLCs was lower than 0.2, indicating their satisfactory homogeneity and suitability for topical drug delivery. Regarding the zeta potential, the NLCs possessed only a small negative surface charge and, therefore, were considered neutral NLCs. The cationic NLCs possessed a high positive surface charge, whereas the anionic NLCs possessed a high negative surface charge. However, their absolute zeta potential values were almost the same. Stearylamine and Precirol ATO-5 were mixed with IPM in the same ratio to obtain NLCs with similar absolute zeta potential value but opposite charge.

With regard to the EE, the observed greater entrapment of tripterine by the NLCs might be attributable to the liquid state of MCT and IPM, which help to encapsulate larger amounts of lipophilic drugs and reduce particle crystallinity, thus improving stability and suitability for controlled drug release. These results indicated that there was no direct relationship between the lipid phase composition of the NLCs and their EE. Therefore, the effect of the surface charge of the NLCs on the penetration of tripterine could be investigated.

The in vitro release study showed that the surface-charged NLCs released tripterine in a controlled manner, possibly because of the effects of tripterine diffusion and lipid matrix erosion. Tripterine must diffuse from the liquid inner phase to the solid outer surface of the NLCs before it can diffuse from the outer lipid phase into the bulk aqueous phase. Patlolla et al[@b22-ijn-7-3023] noted similar findings: in their study, nanoparticles prepared with Miglyol oil showed slower celecoxib release, because of the distribution of celecoxib in the inner area of the lipid matrix and longer diffusion path length.

Tripterine generally penetrates the skin poorly, due to its large relative molecular mass and extremely high hydrophobicity. Therefore, topical tripterine formulations are not available on the market. The strategy of using NLCs to overcome the difficulty related to low skin penetration of drugs is gaining interest. We found that the cumulative penetration of tripterine was the greatest from the cationic NLCs. The skin depth profile of tripterine was almost the same as its cumulative penetration profile: the cationic NLCs provided the highest accumulation of tripterine in the deeper skin layers, followed by the neutral and anionic NLCs. These results are in agreement with those of the skin permeation of drugs incorporated in positively charged nanoparticles. [@b23-ijn-7-3023] They suggest that the skin is a negatively charged membrane, and that the electrostatic interaction between the negatively charged skin surface and the positively charged NLCs could improve drug penetration. Therefore, cationic NLCs could increase the accumulation of tripterine in the skin layers, and the skin layers could act as a reservoir for the drug, which is useful for treating localized diseases.

The in vitro cytotoxicity of drug-loaded nanoparticles is related to both the materials used and the particle size.[@b24-ijn-7-3023] We used lipids with good biocompatibility, and the different surface-charged NLCs had similarly sized particles. Interestingly, these NLCs showed different cell inhibitory effects at the same concentration; the cationic NLCs had the highest inhibitory effect. The results indicate that the cell inhibition ratio is associated with the surface charge of NLCs. The reason for the high inhibition ratio of the cationic NLCs could be that the positively charged particles have high binding affinity toward the negatively charged B16BL6 cell membrane.

After incubation, the cationic NLCs provided the greatest amount of tripterine in HaCaT and B16BL6 cells, followed by the neutral and anionic NLCs. The increased cellular uptake of tripterine-loaded cationic NLCs could be explained by the presence of the positive charge, which would have high binding affinity toward cell surfaces.[@b25-ijn-7-3023] The results of cellular uptake could also explain the high skin permeation and inhibition ratio of the cationic NLCs. In addition, B16BL6 cells have a higher negative charge than HaCaT cells, resulting in the higher cellular uptake of the cationic NLCs. These results suggest that cationic NLCs could be a targeting carrier of anticancer drugs.

The pharmacodynamic evaluation clearly demonstrated that all the surface-charged NLCs were significantly more effective than tripterine alone, indicating the advantage of NLCs for tripterine delivery. The reasons for the low antimelanoma efficacy of tripterine could be its poor water solubility and the physicochemical barrier formed by the skin. Therefore, the improved antimelanoma efficacy of tripterine in NLC formulations could be explained as follows. First, surface-charged NLCs can improve the solubility of tripterine, and their smaller particle size can enable efficient percutaneous penetration. The latter property also greatly increases the surface area of the particles and, thus, increases the contact area between the NLCs and the skin. Second, the mechanism of topical drug delivery is based on the mixing of the lipids from the particles and the skin surface. The NLCs composed of solid and liquid lipids, which have good biocompatibility, could increase drug delivery to the skin, thus achieving high antimelanoma efficacy.

As expected, the cationic NLCs displayed the highest tumor inhibition rates. This result also can be explained by their greater electrostatic interaction with the negatively charged skin surface and higher binding affinity toward B16BL6 cell surfaces, promoting drug permeation and antimelanoma efficacy.

Conclusion
==========

The surface charges of NLCs have a great influence on the percutaneous penetration and anticancer efficacy of tripterine. Surface-charged tripterine-loaded NLCs, especially cationic ones, offer better antimelanoma efficacy than tripterine alone. Therefore, cationic NLCs are promising carriers of tripterine for topical antimelanoma therapy.
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![Transmission electron microscopy images of the surface-charged tripterine-loaded nanostructured lipid carriers (NLCs). (**A**) Cationic NLCs; (**B**) neutral NLCs; and (**C**) anionic NLCs.](ijn-7-3023f1){#f1-ijn-7-3023}

![DSC curves of the surface-charged tripterine-loaded NLCs. (**A**) Cationic NLCs; (**B**) neutral NLCs; and (**C**) anionic NLCs. Curves of tripterine and physical mixtures with (mixture II) and without (mixture I) tripterine are also shown.\
**Abbreviations:** DSC, differential scanning calorimetry; NLCs, nanostructured lipid carriers.](ijn-7-3023f2){#f2-ijn-7-3023}

![Time course of tripterine release from the surface-charged nanostructured lipid carriers (NLCs).\
**Note:** Data represent means ± SD (n = 3).](ijn-7-3023f3){#f3-ijn-7-3023}

![In vitro skin permeation of tripterine from the surface-charged tripterine-loaded NLCs 12 hours after their application on rat abdominal skin. (**A**) Time course of cumulative penetration and (**B**) amounts of tripterine in different layers of skin.\
**Notes:** Data represent means ± SD (n = 3); \**P* \< 0.05 versus the anionic NLCs.\
**Abbreviation:** NLCs, nanostructured lipid carriers.](ijn-7-3023f4){#f4-ijn-7-3023}

![Cellular uptake of tripterine from the surface-charged nanostructured lipid carriers (NLCs). (**A**) HaCaT cells; (**B**) B16BL6 cells; (**C**) comparison of the uptake from cationic NLCs by HaCaT and B16BL6 cells.\
**Notes:** Data represent means ± SD (n = 3); *\*P* \< 0.05 and *\*\*P* \< 0.01 versus the anionic NLCs in Figure 5A and B, and versus HaCaT cells in Figure 5C.](ijn-7-3023f5){#f5-ijn-7-3023}

![Effects of the surface-charged tripterine-loaded NLCs on tumor growth in vivo. (**A**) Representative images of tumors excised from C57BL/6 mice: (**i**) control (negative control); (**ii**) tripterine; (**iii**) cationic NLCs; (**iv**) neutral NLCs; (**v**) anionic NLCs; (**vi**) cyclophosphamide (CTX; 20 mg/kg intraperitoneally; positive control). In (**ii**--**v**), 6 mg/kg tripterine in 1% carbomer gel was used and the treatments were administered topically. (**B**) Tumor weight; (**C**) tumor inhibition rate after accounting for tumor weight.\
**Notes:** Data represent means ± SD (n = 3); \**P* \< 0.05 and \*\**P* \< 0.01 versus the controls.\
**Abbreviation:** NLCs, nanostructured lipid carriers.](ijn-7-3023f6){#f6-ijn-7-3023}

###### 

Composition of the surface-charged NLCs

  Formulation     Stearylamine (mg)   Gb (mg)   Precirol ATO-5 (mg)   IPM (mg)   MCTs (mg)   SLT (mg)   TPGS (mg)
  --------------- ------------------- --------- --------------------- ---------- ----------- ---------- -----------
  Cationic NLCs   180                 --        --                    60         --          30         30
  Neutral NLCs    --                  180       --                    --         60          30         30
  Anionic NLCs    --                  --        180                   60         --          30         30

**Abbreviations:** NLCs, nanostructured lipid carriers; Gb, glyceryl behenate; IPM, isopropyl myristate; MCTs, medium-chain triglycerides; SLT, soybean lecithin; TPGS, [d]{.smallcaps}-α-tocopherol polyethylene glycol succinate.

###### 

Physical properties of the surface-charged NLCs

  Formulation     Size (nm)     Zeta potential (mV)   PI              EE (%)
  --------------- ------------- --------------------- --------------- ------------
  Cationic NLCs   90.2 ± 9.7    26.4 ± 4.2            0.109 ± 0.018   69.3 ± 5.1
  Neutral NLCs    87.8 ± 7.4    − 2.7 ± 0.9           0.113 ± 0.029   67.8 ± 4.4
  Anionic NLCs    84.5 ± 10.2   −24.3 ± 3.7           0.116 ± 0.024   72.5 ± 4.9

**Note:** Data represent means ± SD (n = 3).

**Abbreviations:** NLCs, nanostructured lipid carriers; PI, polydispersity index; EE, entrapment efficiency.

###### 

Fitting of the accumulated release data

  Equation            Cationic NLCs                        Neutral NLCs                         Anionic NLCs
  ------------------- ------------------------------------ ------------------------------------ ------------------------------------
  Zero order          *Q* = 0.0208*t* − 0.0546;            *Q* = 0.0242*t* − 0.0755;            *Q* = 0.0169*t* − 0.0406;
                      *r*^2^ = 0.9199                      *r*^2^ = 0.9131                      *r*^2^ = 0.9347
  First order         ln(1 − *Q*) = −0.0418*t* + 0.1891;   ln(1 − *Q*) = −0.0678*t* + 0.3084;   ln(1 − *Q*) = −0.0275*t* + 0.1051;
                      *r*^2^ = 0.9559                      *r*^2^ = 0.9521                      *r*^2^ = 0.9614
  Higuchi             *Q* = 0.1638*t* − 0.3042;            *Q* = 0.1904*t* − 0.3646;            *Q* = 0.1336*t* − 0.2449;
                      *r*^2^ = 0.8887                      *r*^2^ = 0.8775                      *r*^2^ = 0.9077
  Ritger and Peppas   ln*Q* = 1.4908ln*t* − 5.8389;        ln*Q* = 1.8519ln*t* − 6.9165;        ln*Q* = 1.691ln*t* − 6.5524;
                      *r*^2^ = 0.8981                      *r*^2^ = 0.9149                      *r*^2^ = 0.9551

**Abbreviations:** NLCs, nanostructured lipid carriers; Q, the percentage of released tripterine.

###### 

The flux (μg/(cm^2^ · h)) and permeability coefficient of tripterine across rat skin

  Formulation     Flux (μg/(cm^2^ · h))                                    Lag time (h)                                             Permeability coefficient (cm/h) × 10^−3^
  --------------- -------------------------------------------------------- -------------------------------------------------------- --------------------------------------------------------
  Cationic NLCs   1.26 ± 0.29[\*](#tfn6-ijn-7-3023){ref-type="table-fn"}   0.43 ± 0.02[\*](#tfn6-ijn-7-3023){ref-type="table-fn"}   2.10 ± 0.49[\*](#tfn6-ijn-7-3023){ref-type="table-fn"}
  Neutral NLCs    1.10 ± 0.25                                              0.42 ± 0.05                                              1.83 ± 0.43
  Anionic NLCs    0.91 ± 0.04                                              0.52 ± 0.02                                              1.52 ± 0.06

**Notes:** Data represent means ± SD (n = 3);

*P* \< 0.05 versus the anionic NLCs.

**Abbreviation:** NLCs, nanostructured lipid carriers.

###### 

Cytotoxic effects of the surface-charged tripterine-loaded NLCs on B16BL6 cells

  Formulation     Cell inhibition ratio (%)   IC~50~ (μg/mL)                                                
  --------------- --------------------------- ---------------- -------------- -------------- -------------- ------
  Cationic NLCs   9.93 ± 0.93                 23.36 ± 2.08     48.76 ± 2.15   69.31 ± 1.87   89.10 ± 4.92   5.43
  Neutral NLCs    9.06 ± 1.21                 21.74 ± 3.12     43.80 ± 2.58   67.66 ± 3.19   86.38 ± 4.03   5.76
  Anionic NLCs    8.57 ± 0.89                 19.91 ± 2.91     38.00 ± 1.79   50.30 ± 3.12   64.11 ± 3.81   7.78

**Note:** Data represent means ± SD (n = 3).

**Abbreviations:** NLCs, nanostructured lipid carriers; IC~50~, half-maximal inhibitory concentration.
